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[57] ABSTRACT 

A method of fatcication of piezocLectdc bender-elements. 
More spectficaliy, the fabsication method of the present 
invention uses pressure and temperature, withoDt any 
adhesive, to bond and anneal a plandity of layers of piezo- 
electric pdymcr film into piezoelectric bender-dements. 

14 Clfiims, 15 DrswlDg Sheets 





U.S. Patent 



Jon- 9, 1998 



Sheet 1 of 15 



5,761,782 




U.S. Patent 



Juiu 9, 1998 



Sheet 2 of 15 



5,761,782 




U.S. Patent 



Jim- 9, 1998 



Sheet 3 of 15 



5,761,782 




U.S. Patent 



Jun. 9, 1998 



Sheet 4 of 15 



5,761,782 




U.S. Patent 



Jun. 9, 1998 



Sheet 5 of 15 



5,761,782 




U.S. Patent 



Jim. 9, 1998 Sheet 6 of 15 



5,761,782 




U.S. Patent 




U.S. Patent 



Jim- 9, 1998 



Sheet 8 of 15 



5,761,782 




o fic 5,761,782 

o ioo« Sbeet 9 of 15 ' 

U.S. Patent jub.9,i998 




U.S. Patent 



Jiin. 9, 1998 



Sheet 11 of 15 5,761,782 




U.S. Patent Jun. % 1998 Sbeet 14 of 15 5,761,782 




5,761,782 



METHOD OF FABRlCATiaN OF 
PIEZOELECTRIC BENDER ELEMENTS 

KELAim) APPLICAnON 

Tliis appIicatloD is a contiaiiation-iii-part application of 
U.S. patem application Ser. No. OS/573,202, filed Dec. 15, 
1995, entitled "PIEZOELECTRIC ELECTRO - 
MOTEONAL DEVICE", cow abandoned, which is in turn a 
contiriiatioD-in-part appHcation of U.S. patent application 
Ser. Ko. 08/297 filed Aug. 29. 1994. eatitled 'TIEZO- 
ELECTRIC PUMP", now abandoned. 

FEELD OF mVENTIOK 

The present invention is directed to the method of fahri- 15 
catLOB of piezoelectric bender-dements, Motc specMcally, 
picaoeiectric bender-dcmcnts arc fabricated using moltir 
layers cf piezoelectric rnfltftriM by bonding iiie Layers in a 
press and heating the layers to form a bender element with 
a mechanical bias or omvc. 20 

BACKGROUND OF THE INVENTIOK 

Piczodectiic materials have been used extensively as 
sensors and acoustical/dectric coupling devices. Materials ^5 
that have been used m tiiesc devices are made from films of 
polymer such as polyvlnylideaue fluoride (FVDV) which are 
drawn or stretched while subjecting the polymer -fil-m to an 
electric field. The piezodcctiic film wQl feen respond to 
a^Eed electdcal fields by either lengthening or shortening ^ 
depending upon the direction of the appKcd field. The 
defiectioai which can be obtained using piezoelectric poly- 
mer films are substantially greater than those obtained using 
piezoelectric ceramic crystals. 

There arc several specifix: techniques disclosed for rnfltrirtg ^ 
the sensoer-elements using piezoelectric film;s; howcvca:, 
common to those folding the piezoelectric polymer film in 
mnlti-layers is the use of an cpoxy resin or a glue as ait 
adhesive between fihu layers. Papers disclosing making 
sensors using bimci^ elements and specific techniques in 40 
making the elements are: **A}^cation of PVF^ Bimorf^ 
Cantilever Elements to Display Devices*', M- Tbda and S. 
Osalcaj. Proceeding of the SiD., Vol 19/2, Second Quarter 

1978. pp 35-41; ^'Electro-motional Device Using FVF^ 
Multilayer BimDrph*% M. Toda and S, Osaka, Transactions 45 
ctf the lECB cf J^an. Vol E61 No 7, Jul. 1978, pp 507-S 12; 
•Theory of Air Flow Geaietald<xa By a Resonant Type PVFj 
Bimorph CanftDLcvcx Vibrator**, M. Toda, Piezoelectrics, 

1979, Vol 22, pp 911-^18; "Voltage-Induced Large AmpU- 
tude Bending Dc?vice — ^PVF^ Bimoiph — Its Properties and 50 
./plications**, M, Toda, Hezoelcctcics, 1981, Vol 32, 
ppl27-133; and The Potential of Corrugated PVDFBimor- 
piis for Actuation and Sensing^, Gale E. Ncvil, Ir, and Alan 

K Davis, SME Conference — Robotics Research: The Next 
Hve Years and Beyond, Aug. 1(5, 1984, Tfschnical Paper 55 
MS84-^91. When multi-layer piezoelectric polymer fii-rrr 
elements were xaade '*tiLe films were bounded together using 
cpoxi-resin (High Super, Cemedine CocpO" {**EIectromo- 
tional Devices Using PVFj Multilayer Bimacph*^, sic. p 
509}. 60 

The following patents are- all patents of Toda ct aL which 
disclose bimorph elements of piezoelectric materLals. U. S. 
Pat. No. 4,162.511 discloses a pldkup cartridge for use in a 
velocity correctioD system which includes a polymer 
himorph element mcchanicalLy interposed between a car- 65 
tridge housing and a pidfcop arm carrying a grDove-riding 
stylus. U.S. Pal, No, 4,164,756 discloses a signal pickup 



stylus which cooperates with an infcmiation stonng spiral 
groove 00 a video disc record which is cansed to selectively 
sk^ groove convolutions cf the disc record to produce 
special efifects, U.S. PaL No. 4,176 378 discloses a pickup 
arm pivotally coupled to a housii^ support at one end 
thereof and which is coupled to the housing near its other 
end by means of bimoiph ekanents attached together at right 
angles. U.S. Pat. No. 4,234,245 discloses a light control 
device which includes a bnnflarph element comprisiiig two 
thin polyvinyKdene fljuoridc films and a thin layer disposed 
therebetween to secure the films together: U,S, Fat No. 
4,351,192 discloses a piezoelectric, acoustic vibration 
detecting element which is positioned in a fiuid fiow to be 
measured so as to be moved according to the intensity of the 
fluid fiow away from a source of acoustic vibration. U.S. Pat 
No. 4,417,169 discloses a photoelectric circuit arrangement 
for driving a piezoelectric bimiCHph eleanent to bend and 
thereby to qpen or close a window blind according to the 
quantity cf transmitted light through the blind, 

U,S, Pat* No. 4,342,936 discloses a piezoelectric flexure 
mode device (called a **unimjarjph") comprising a layer of 
piezoelectric active mHterlal bonded to a layer of piezoeleo- 
tdc inactive materiaL 

US. Pat. No. 4^05,402 discloses a thick piezoelectric/ 
pyrodectdc element mtade :from polarized plastics such as 
pol3rvinyHdene fluoride. 

U,S, Pat. No. 4,670,074 discloses a composite 
co-lamloated piezoelectric transducer with at least one layer 
of polymeric substance capable of acquiring piezoelectric 
prcpcrties when co-latmnatcd in the presence of an electric 
field. 

U.S. Pat No. 4,708,600 discloses a piezoelectric fluid 
pun^>ixig apparatus which includes a pumping apparatus 
incorporating a piezoelectric cnergizer. 

UJS. Pat No. 4,939,405 disdoses a pump cont^xriscd of a 
piezoelectric vibrator mounted in a casing. 

US, I*at. No, 5,113,566 discloses a method of prodiudng 
a multilayer piezoelectric element. 

SUMMAKV OF THE INVENTION 

The present invention is directed to a method of febrica- 
tion of piezoelectric bcnder-dcmcjits- More specifically, the 
fabrication method of the present invention uses pressxire 
and ten;^>erature, without any adhesive, to bond and anneal 
a plurality of layers of piejzoelectric polymer film into 
piezoelectric bcndcr-dements. 

BRIEF DBSCRIPTIDN OF THE DRAWINGS 

FIG. 1 is a schematic scdes of views (a; b; c; and d) 
illustrating the fatoicatiom of a bender-element using two 
strips of polyviDylidcne fluoride having a thin layer cf silvar 
electrode coating on each side (the film being cut with tabs 
and the coating being the shaded layers applied to top and 
bottom), the pciarity of the top fiJm of polyvinylidene 
fluoride being in opposite direction than that of the bottom 
film of polyvinyiid^e fluoride: spedficaliy, FIG. 1 (a) is 
one strip of film having only the top of the tabs coartcd and 
one tab folded; FIG. 1 (&) is a second strip of film having the 
top of one tab and the bottom of the other tab coated and one 
tab folded; FIG. 1 (c) shows pladhg the two films together; 
and FIG. 1 (d) showing the two film connected; 

FIG. 2 5s a schematic series of views iUustratijig the 
folding of the two strips of piezoelec±ric multimatph film 
before bonding or laminating the strips; specifically, FIG, 2 
(a) shows that two films arc connected as fully shown in 
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poIarity-machiDC prfcntation; ^^^^'l^^^ p^seni ^P^^^^^'^y^lPi^SK^ sounds which may 

ia^CS' dzc and to bond a bcader-^dcrncnt wi* ^£^^^^SSr.£^^^?n °f -'^^'^ ^^^^ °* 

ccU; speaficauy. ntJ- W -^.q 4 f j,) illustrates the elements arc cvirved in ™,^*Ti^Lji-n^nts arc then 

unit ccU at oae extreme of pcdanty, ^^^JJi^^^ 4 meduujically biased piezoaectnc bf^df^*f=^°i^^ 

'^G Pisasch^naticdiBgnunmusttatinglhcelectocal of a&^amultjy-«^jr££^^ 

ciT^t ^ opiate the piezoelectric pu^", ^ *«^^tSion't^f^SSS.^fedo^e^^^ 

PIG. 10 is a scheimtic diagnnn of a W circuU for pr««nt Ui^^^on^^^feM^ ^ 

• t nnit cells of the present invention, use of an epaxy cjr giue atmc«i ^^^^ 

push-pcU pistons in double parallel cylinders y ^^^^ ^ ^ avaUaWe wifli » ^T^^ 

centrifugal pump. Aprefe^ed ^'^'^f'^fjf^^^^c polymer 
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l(a\ the strip 2 has two tabs 8 and 10 esdendiiig Erom 
the strip 2; however^ only the top of tabs 8 and 10 are coated 
with the silvBr coating 6 and ndthcx of the bottom surfaces 
of tabs 8 aoLd 10 have any silver electrode coating 6, The tab 
10 when fabricating the bender-eleraent ci the present 5 
invendoQ is folded or bent downward as shown in the 
bottom figure of EDG, The ntap 4 on die other hand has 
two tabs 12 and 14 which are positioned opposite that of the 
tabs 8 and 10 of str^ 2 as shown in FIG. 1(a)- The top 
surface of tab 12 and the bottom surface of tab 14 have a thiti jq 
layer of die silver electrode coating; whereas^ nedther the 
bottom surface of tab 12 or the top surface of tab 14 have any 
silvcar electrode coating as shown in the upper figure of FIG. 
1(b), The tab 14 when fahricating the bender-dement of t2ie 
present invention is folded or bent iipward as shown in llie 15 
lower figure of FIG. 1(&). The two strips 2 and 4 arc then 
placed one on top of the othex as shown in FIG. 1(c). The 
tabs S and 12 extend from the end of the two strips and the 
electric wires or connections firom an electrical cdicuit arc 
connected to each of these tabs 8 and 12. The tabs 10 and 14 
on the other hand are folded to jKovide electrical contact 
with the reverse side of the rcspecth^e str^ as shown in FIG. 
1(d). Sheets of piezoclctAic film are available with an 
electrode coating akeady ^)piied to both smfaceB of the 
film* It is preferred Itiat the electrode coating be icacnovcd at 25 
the edges of strips 2 and 4 as well as removing the coating 
JGrom the tabs as indicated when cuttiog the strips from 
already coated polyvinylidene fluoride or PVFj strips, 
liexnoving the oonducdve sQvcr electrode material firom ttie 
edges prevents high voltage arcing. 30 

The first step in fabricating the l»ender-elemcnt5 of the 
preferred embodiment of the present invention is to fold at 
least two strips 2 and 4 of the flhn as iUnstrated in FIG. 1. 
The stnj>s 2 and 4 of coated film are folded as shown in FIG. 
2. The first strip 2 is folded into layers (2 shown and can 35 
extend to any number desired) to produce a multi'-layeied 
bender-elemsat. The pcOarily-machine odentation of the 
strip 2 of piezoelectric film is opposite tiiat of the strip 4 of 
pLezodLectcic fiJm svbcn a voltage is sailed to the films or 
the polarity directions of the film are opposite. What oppo- aq 
dte polarity-machine orientation means is that when an 
applied voltage is applied to the films, the field voltage is in 
a direction which is ttie same as the polymer orientation and 
the one film wiU expand while the fidd voltage is opposite 
the podymer orientation and the other film wiU contracL The 45 
artow 16 shows the pdLarity-macfaiae oriez^ation or polarity 
of the strip 2. The second strip 4 is folded into the same 
length and same number of layers as strip 2 brut the polarity 
of the film, as shown by the arrow 18y is in the other 
direction. In other words the polaaty-mnrhi ne adentation of 50 
the second strip 4 is 180° fcoma tiic first strip 2 and therefore 
one fiJLm will expand while the other will contract. At this 
point, it is pointed out that polarity wll be discussed in two 
ways in the understanding of the present invention; (1) the 
^Hed voltage polarity which is a fimcdon of the electrical 55 
circuit connected to the strips and (2) the inherent polarity 01 
polymer orientation of the str^js 2 and 4 which is the 
fimction of the machine direction caF the respective strip 
(indicated by an x ex , in a Circle and a majdiine direction 
away j&om the tabs). Thus, when the voltage polarity is 60 
reversed on the tabs 8 and 12* it reverses the pcAarity- 
machine oricntatioD of the films such that the film thart 
expanded wxH contract and the film that "contracted will 
expand. 

The imiqucness of the tabs 8, 10, 12 and 14 Is that they &s 
provide the continuity of applied polarity to the muWmarph 
or folded structure shown in FIG. 2 through a single set of 



leads attached to tab 8 and tab 12. Thus, &om a single pair 
of electrical leads one of positive polarity and the other 
negative, the tabs provide opposite polarities to the electrode 
film surfaces of the two strips 2 and 4. For example, 
assuming that the polarity to tab 8 is positive and thus thctsop 
surface of strip 2 is positive, tab 10 provides the same 
polarity to the bottom surface of strip 4 whon that strip is 
folded back over the tab 10 as shown in FIG. 2. Assuming 
tab 8 is positive then tab 12 is ncgatiYe and the same 
negative polarity is on the top suiface of strip 4 and the 
bottom surfiacc of strip 2 and that polarity continues however 
many number of layers the strips are folded. The tab 14 is 
redundant as to requiring this tab to provide the same 
polarity from the botbom surface of strip 4 to the top surface 
of strip 2; however, the two tabs 10 and 14 provide a greater 
surface area for the flow of electrons to provide the same 
polarity to these two surficu:cs. A restricted path fbr die flow 
of electrons may cause a hot spot or short. The uniqueness 
ccf the tabs and the folding is that only two leads are required. 

A muhi-layer b«ider-clcmcnt may be made without all 
the a specifics of the preferred embodiment. For eacample, 
the piezod^dric material need not be solely strips of poly- 
vinylidene fluoride film' coated with silver as the electrode 
coating. To make the multL-layo- bender-element of the the 
present invention the oriciitation of the layers of electrode 
coated piezoelectric material need to be the same as a single 
folded film. In other words- if die piezoelectric material has 
a polarity-machine orientation., the respective layers will 
have the same orientation as a single folded film. Or stated 
still in another way^ the respective layers of material can not 
be simply randomly stacked. As an altamative to tabs, the 
discontinuous piejcoelectcic film or material may have small 
opening extending though the layers of piezoelectric mate- 
rial for electron flow. 

Referring now to FIG- 3, to laminate die strips of film, the 
folded str^s 2 and 4 of film are positioned into a press 20 
having an upper jaw 22 and lower jaw 24, preferably each 
jaw made of machined pieces of polycarbonate. Aprefcued 
set of jaws 22 and 24 have a sHg^t radius of cm:vature or 
curved portion 26 to fabricate the bcndcr-eletnents with a 
mechanical curvature or bias, Tlie two folded stri|>s 2 and 4, 
as shown in FIG, 2(c), are positioned between upper jaw 22 
and lower jaw 24. The jaws 22 and 24 of the press 20 are 
closed and as much pressure as required is apptlied to the two 
separate folded films. Ihe pressure may range ftom 100 
pounds per square inch (psi) to 10,000 psL Hie press 20 and 
the compressed films are then subjected to a heading cycle to 
bond the films, such as placing the oampressed films into a 
low temperature oven. The ten^carature of the oven may 
range firom ^S** C (950"> K) to 650^ C<149ff* F.). At the 
higher tranperatores the compressed films in press 20 are left 
in the oven for a shorter time, appraximateiy a half hour, 
while at the lowest temperatures the press 20 will be kept in 
the oven fbr as long as 12 hours. The press 20 is then 
removed from the oven and without removing the con:^es- 
sion on the films, is air cooled to room tempcaratiire. 

The bonded aoid annealed films arc tcracfvcd from the vice 
as a multi-layered bcndar-^ement 30 having a desired 
mechanical bias or carved shape. After removing the beader- 
elejnent 30 from the vice 20, the continuity of the mulri- 
morph bender- dement is tested. A simple test is to apply an 
electrical field and if the multi-layered or mnltimorph 
bcndex-ciement cxpajids or contracts then the bender- 
element has the desired electrical contiiiiiity- As shown in 
FIG. 4, the nattural state of the bonded bender-element 30 is 
that of FIG. 4(i?), Lc. having a curvature or mechanical bias 
such as shown. When the polarity is in one direction, the 
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Tte configuration of a piezoelectric umt cdl 40 u iQus- deflection. Further, oaly a sm^ l^Tdll are 

: crr^ < Tn thj. nirferted eanbodimcat, at least two ^Isice the two beiider-eaenifints 32 and *i are 

a compliant hinge 36 and the mccfaanical boas lo ^ ^ symmetrical having the saine mincer 
together va^ a co^puan^^^ ^ ^^^^ ^lrfth^S«Ul«nents30of&etopben 

l^^o^l^^ .hich.the beod^-e^^^^32 t^ftfc^ot^mind^-el^^ent^.^^^^^ 

^34 arc in the contracted state is shown in KG- J ^ unit oeU 40 may also be fab^ateA The umt ceU w n 

Zc^s dear that the fabricated 1>e^<l«'--* „ an application for any linear motion use. 

^en t^oltSepolarity on the unit cell 40 is ^^"^^^ of^Scdon and n«ove with the upper f 

S and M^ch as a piece of tape stackto the up^ surf^e meou . ^^j^^^^ve «3- As shown, the umt^ 40 
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fluid eaters oae chamber the fluid in the oltier charabex in 
bedng forced out. The pump 70 is illustrated as having two 
chambers and a '^push-pTiU" atrangciDmt of the piezo^ectnc 
unit ceOls which opexate on both &id«s of the drive piston 7Z 
Ihe lowca: unit cells 4tfL arc driven by the sam^ electronic 
signal as 1fae top unit ceUs 4flT; however, the polarity of ihe 
lower unit ccUb i& opposite that of die upper unit cellfi. 

The advantage is that die entire capacitance of the system, 
including both upper and lower unit cells is incorporated 
into the electronic drive circuit. This results in a h^hly 
accurate ^iir^Tng system. Another advantage is that as the 
field polarity is reversed, the contracting unit ceUs are 
potting wcrk into the system as well as die eacpanding unit 
cells. Deeding on die use of the pump, a variety of dectnc 
circuits may be used to provide the field to die unit cells 40 
Cr and L) . Adirect drive circuit would provide an on-off field 
to the unit cells. An altemative to using a direct drive ctrcuit 
is to eanpioy a parallel resonate drive ckcuit. The parallel 
resonate circuic when driven by a sine wave, allows , the 
phase angle between the drive voltage and current to 
approach 90 degrees. Powea: is de&ncd as the product of the 
voltage and the current- When die sine wave phase angle 
between the voltage and the current approadies 90 degrees, 
die power required to mftiTitain the osdUaiion is at a roini- 
roum- Application of a parallel resonate cmruit reduces the 
power rcqmied to operate the system, and therefore 
mcrcascs system efficiency- This is accon^Ushed using a 
circuit coniiguration that takes advantage of die capacU^ 
nature of the unit ceiUs 40 (T andL). The c^>acitance of the 
unit cells is used in conjunction with an inductance to 
produce a tuned LC parallel resonate circuit where the L 
refers to a measure of indu ctancc and C refers to a measure 
of capacitance. Prefeaably the inductance is supplied to the 
drcDit in the f<am of a stsp-xtp transfOTkcr: The step-up 
transformer bcmg required to boost the supply volta^ to a 
laDge appropriate for drtving piezoelectric unit cells, lypa- 
cally resonant circuits are avoided when building control 
citcuits foe piezoelectric films because of the narrow fire- 
qucncy response of the resulting circuit and because most 
applications of piezoelectric films are as sensors, which 
generally need to operate over a wide range of firequenoes, 
A resonant ckcuit is not a problem for mechanical power 
^jpUcatioos, such as a pun^), because the oparating fre- 
quency cf the drive circnit is fixed to optimize the ^Sc^xcd 
mechanical output oi the bender^^Oemcnts. Once the drive 
frequency is established, the LC circuit can be designed 
precisely to the mechanical frequency xeqoired. 

Apiczoeiectric pomp 80 wifii an eOectrical circuU diagram 
is illustrated in FIG. 9. The electrical di^pam shown utilizes 
the inherent inductance of a transfonnear 81 as part of the 
tuned resonant tank 82. This electrical diagram allows the 
resonant ftcquency of the tuned resonant tani: 82 to be 
adjusted using a low voltage capacitor in the drive module 
83 across die primary of tt\& trflnsforraer 81 ratHex than 
having to add inductccrs or high vcOtage capadtors across the 
faezoelectric pump 80. 

The present inventioii is more fully set forth and illns- 
trated by the following examples: 

EXAMEUEI 

A 1.1 mil tidck sheet of polyvinylidcne fiuoride (Amp 
Incorparated) coated with silver ink is labeled and cut into 
two strips. The edges of die strips are masked off witti 3M 
soft stick tape and the t>order of silver ink is removed with 
infihiyl-£th^ ketone (MBK). The two strips are caxefuHy 
folded (dLght folds) as shown in FIG. 2, with the polarity- 



midline <Hientation5 of the strips in opposite direcUons. The 
two strips are placed into a vice with polycarbonate ja^s. 
The vice is closed flying as nnich Pf^f 
The vice is placed in an oven and heated at 122 W 

5 for 1^ hours to bond die silver inklaycrs. Without removmg 
the pressure, the vice is removed from the oven and allowed 
to air cool to room temperature* 

The bonded and annealed bender-element is removed 
from the vice. The bender-element is tested for continuLty of 
10 the muMmorph by applying a field on the bendcr-eicmfint 
and observing the deflec*ion» 

This example Ulustrales the mediod of fabricating the 
bender-elements of the present invention. 
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EXAMPLEH 

FoUowing the same procedure as set forth in Esaniple L 
the foldedfilms arc inserted intxi a vice where the jaws have 
been machined such that they have a curvatore as illustiated 
in FXG. 3, 

This exan^le illustrates tiie method of fabricadng the 
biased bender-elements of the present mvention. 

EXAMPLEIff 
A pair of bender-elements falcated by the method of 
Example n are i^aoed in juxtaposition to one anodicr such 
that an applied field will cause tiie deflection to be in 
opposite directions.The ends of each biased bender-element 
is fixed to the correspoDding ends with Sootdi tape. An 
applied field causes the deflection of die pah of bender- 
elements as shown In HDG. 5- 

This example ntustrates the piezoelectric unit ceU of ttie 
present invention- 

The piezoelectric unit ceUs of die present mvention have 
a wide potential censes. The configuration of apun^ 80 and 
the circuit diagram as illushiated in FIG. 9 is suited as a 
liquid cooling ventilation garment (LCVG) pim^x In a^ 
tion to the active tbennal cooling plication of the LCVG 

^ punm, piezoelectric pumps can act as cledro-mechamcal 
acttSiors. As an actuatXMT, the piezoelectric 
vide solutions to control problems in robotics, 
biocngineering, advanced remote control and telci«sence 
technologies. 

The piezoelectric dcctro-mechanical device of the 
present invention besides being used in a pump may be used 
as an aerator, such as any linear short strofce actuator, which 
may fiU the demand fear ou^ devices that are more energy 
efficient, ni^ed^ economical and easier to control than 
conventional actuatccs. 

The present invcati<ai also mcUides a unique drant for 
the piezoelectric (picao) film drive mcuil shown m FIG. 10, 
The key to the circuit system lies in its abiHty to transfer 
en^xgy from the charged paezo film, transfer die ena^ to an 
indu<^ and recharge the piczo film wlA the opposmg 
polarity alL at frequencies which provide die desired maxi- 
mum energy to be ^plied to the fihn or more specificaUy the 
unit celirs). The frequency is controUed by the use of a triac 
and triac driver in the circuit which ^iU be explained in 
reference to FIG. 10. As mentioned hereinbefore, die piezo 
film (unit cctt oc cells) acts as aresistoff and capacitor, shown 
as Rl aod CI in the circuit. A power source, iUustrated as 
450 volts DC, is used to imtialty charge the film- This is 
accomplished by the control circuit tuming on Ql, or closing 
the circuit a& iUnsbcated, and allowing the piezo fihn to 
charge to 450 volts (v). The charge current, and hence the 
ciiarge tinK, is controUed by cycling Ql on and off (eg. 2 
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VHz) The duty cycle is set so as not to exceed the maxiinjm 
allow^le cuxrcnt available firoin the power somce. Tlic 
inductance of L2 is used to reduce the initial spike m current 
during each recharge cycle as will be explained in more 
detail hereinafter. . ^ <_ - % 4*.^ 

Before explaining the fiirtfa^ operation of the circuit tne 
dicuiU other components are a tdac XI which acte as a gate 
to a storage inductor, LI andR3; a triac dnvex Ul operated 
by an opto-isolator with a pulse signal VI; and a replenish 
control. ... - 

With the piezo film chained, the oscillation is imtiatcd. 
The timing pulses leqoired to set the ftequen^ are TTL 
ivd sign^ with a pulse width of 10 jis oc less delivered at 
twice the desired drive frequency. The narrow pulse width k 
required so that the tiiac is allowed to turn off when ttie 
aorrent in the inductor reaches zero. The con^ signal is 
xenresented as VI in the schematic and supphes the dnve 
current to the cptCKieolatar which, in turn, provides the 
switch on signal for the triac gate. 

The first pulse occurs after Ql is opened. When the first 
pulse occurs, the triac XI is turned on and current begins to 
flow fcom the piezo Jilm through the triac XI and the main 
inductor 1^1. . . 

As the current magnitude increases above the mmmum 
hold current for die triac, the triac is latched on and will 
continue to conduct untU the current drops below the imni- 
nmm hold cmrent (near zero), at which point taac XI \wll 
switch otL The voltage present on the piezo fiha dunng this 
time from ^e triac being turned on to off has gone froma 
positive peak (+450 v) to a negadvepeak ("^ear^O v). The 
polarity reversal is provided by the inducts. The actoM 
voltage of the negative peak is detennined by the amocint of 
energy lost in the inductor and piez» lUm daring the cycla 
Withthe triac XI ctf , the piezo film will remain in Its 
negatively charged state with only paxasilic dielectnc losses 
slowly rcduong the voUage present on the piezo fiJm. 

The piezo fihn remains in this negatively charged state 
until a next (second) pulse from VI. The secoad pulse again 
turns on triac XI; however, the current flow 
wia be rcvcxscd and the process is reversed- At the end of 
this cycle the piezo film is left positively charged (scxncwhat 
bdow v) from its previous negatively charg«l st^. 
Again, the actual positive peak voltage is defcamined by the 
amount of energy lost in the inductor and piezo fihn in the 
two cycles of the triac XI being on and <xfif. 

If tills process were allowed to ooclinue, the vdUges 
would continue to decay and the system would come to a 
halt after a number of cycles. In txdcr to provide a contmu- 
ous drive signal, the energy lost during ca^di two pulse cydcs 
must be replenished. This is accon^Ushed by using the 
control circuit to turn on Ql and using the power sourccto 
dxaige the pdezo film to the positive peak (4450 v)- The 
control circuit senses tfie large positive voltage which o«:ure 
at triac XI to turn on Ql- The turn on of Ql teplenlshs or 



ahemate polarity (positive to negaUve) while lecoyenng 
SS^^^^S^-'t controlled ^ 
triS diffeilit than ia applications where it is nonnally 

While the configuration of the pa^nps fllustratsd h««in 
above are characterized as diaphram pomps or double ariion 
piston ptmips, the YCTsatiUty of the piczoclectacumtccUs^^^ 
Se presentinventioii are Ulustratcd in ptezodectnc pcnstal- 
tic pumps and cewrifligalptunps. Furfecr, the specific pun^ 
structi^ may be modiiied far spedflc appUcalions. For 
example, rcfcningto FIG. IL doubie-actine diapteampunv 
70 k shown with an inlet pulse dampens 90 and an oadet 
dampencr 9L These dampeacrs are essential to aUow the 
nuM 70 to operate between a relatively uniform prewure 
d^nce if it is to operate weU at resonance. How rates and 
pressures of piezoeleLecttic pumps arc limited only by the 
which can be economically made. Sinall pumps wtidi 
operate in the 0-50 psi and 0-5 gpm (gallons par minute) 
range are normaL _ . . ^ 

Ref ening to FKr. 13, the configuration of the fluid charnr 
20 bers are cylinders 93 and !»4 respectively. This pump is 
essentially a positive displacement pump. 

RefHiing to FIG. 13, a peristaltic pump 95 has three 
piesEoetectiS unit cells 96, 96(a) and «(&). Afl^T'l^fib^ 
OT bladder 97 carries the fluid being pumped. The tobing 97 
25 is within a larger tubing or chamber having ''f^^^^^ 
99. Aunit cell 96, not dcctricaOy activated and the tahmg 97 
fit between the surfaces 98 and 99 withoiit con^sing ttie 
flexible tube 97. In the opearation of toe pump, the ntirt celte 
96, 96(o) and 96(b) arc operated sequentiaUy in an alternat- 
ing mUe of negative (contracted position) and poaUve 
(c^«md=dposition).Atthebesimnngof^ch^deim^^ 
96iB in the negative mode whereas unit cells 96(0) 96W 
are in the positive mode such as shown in EKj. 13. 
Tlicn=aftcr, .Lrit cdl 96 is switched P°sitiv^ an* J^t 
96fa) is switdied pegattve as shown m PIG- 13(o). SvOii 
further, unit cdl 96(a) is switched pos>toje and P^l 
96(b) is switched negative as shown i^m?. 13^> ^"f 
cycle is repeated to operate the pnmp 'f-B^ noted Intins 
plmip configuration that the unit cetts 96, 9«{«) f^^^yYl 
Sprovide direct force and not indirect force as through a 

^Siaiing to FIG. 14, the piezoelecteic ceQ may be used to 
power a force actuator whefc the force actuator is 
by a rack and pinion. Centriihgal pnmp 100 has a centriiugal 
pimp head 102 with an ouOct 103. The '^Ji^'^f^l 
45 dSvJ mechanism of pxmq> 100. The pump 100 has a *lve 
shaft 104 whichis attached to the impcUflr m the pimip hMd 
102. Brtwecn the outside sutfece of pnmp head 102 and toe 

pinion 105 on the diivc shaft 104 is » 
(not shown). A piezoelectric unit ccU 106 affixed to a 
surface 108. On tap of the unit cell 106 is a «ckllO. In the 
operation of ifac pump 100, the expansion of the unit ccU 106 
moves the ract 110 upwards rotating the idnion 106 connter- 
clocfcwise andiotates the drive shaft 104. When thf unit ^ 
106 moves to its normal state, rack HO moves downward 
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at triac XI to tom on Ql. The turn on or 'fl™!^- ^ "f^T" ^ftS rot^o^e but drive shaft 104 does 

^ethxxdpulscinitiatesthenextcyclewhidiisthenrt^cated ^^^^,^^^:f^ZT^2t:y^^ous%^o:. ci 
and repeated. -h^i^ rtmp" theradtceUsoflhtCTcsentinvenlion. The pumps may have 



to 450 V using relatively low charB^ftg cnrrents. By charging 
only on the positive portion of the cycle, a slight DC offset 
will be induced; however, in gencxal it will be a smali 
percentage of the tMvc voltage aad should not effect the 
operatioa of the piezo filtB- 

This unique circuit has the c^hility of powering any 
capaxrMvc device which requires the voltage of the device to 
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tionE Qsr aumero-us othea: applicationfi. 

I tipjm! . 

1. A method for fahricatioa of piczoeicctnc bcndcx- 
clcments which comprises; 

positiomng a first piezoelectric filni having a layer con- 
si^tiog essentially of a silver electrode coating apphed 
to each aide folded in a plurality of layers in a press; 
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positioning a second paezodectric film having a layer 
consistog essentially of a silvea: electrode coating 
applied to eaxii side folded in a plurality of layers on 
top of &aid iirst mm, said second folded piezoelectric 
film liaying the poIarity-Jiwcbiiie wientation of said 
film 180=* from that of said first film with respect to an 
applied voltage; and 

applying pressure to said folded piezoelectric filnas to 
compress the films, heating said compressed films 
while maintaining said films in compression md cool- 
ing said conipressed and heated jaims to bond and 
ajineal said films. 

2. A method accotrding to claim 1 ^^dicxcin said piezoelec- 
tric film is polyvinylidene fiuwidc. 

3. A method accarding to claim X wherein said pressure 
allied is between 100 psi and 10,000 psi- ^ 

4. Amethod according to daim 1 v^erdn said heatmg is 
at teropcraturcs between 35^ C and 650* C. _ 

A method acceding to claim 4 wherein the time cf 
healing is between 12 hours and SOminutes, said time bemg 
shorter at said hi^er temperature, 

6 Amethod acccxdiiig to claim 1 wherein said thin layer 
of silver electrode coating does not touch the edges of said 

7. A method for f alMicatmg a biased piczoelBCtnc bender- 
dement according to claim 1 wherein said press in^xarts a 
radius of cmvature to said bcndcr-elcment. 

8. Amettiod accwding to claim 1 wherein the appropraate 
Bumhcr of layers are la said second film as in said first film 
in said press. 

9 A method according to daim 1 wlicxciii a tab of fllm 
extends &om eadi saidfilm and an dectxical lead is attached 



10 



IS 



20 



25 



30 



to said tabs. . ^ , . ^^i,^ 

10 Ametiiod according to daim 1 wherciiL a tab of film - ^ 

exScb^eadisaidfitoandisfoldedtDbepositm^ 35 film of dectrode coatmg. 
be placed in the fdd above said tab to provide dectncal 
continuity of said film of sayca" dectrode coating. 



11. A method for the fabrication of piezoelectric bender^ 
elements which coin|xrises; 

positioning a first plurality of layers of piezoelectric 
material having a thin layer of an electrode coating 
appUed to each side in a press wiih the orientation of 
cadi said layer of material the same as a single folded 
film; 

positioning a second i^urality of layers of piezoelectric 
material on top of said first pluraHty of laycis, said 
second layers of material having a thin layer of an 
dectrode coatiog appUed to eadi side and with the 
arieatation of each said layer of material the same as a 
single folded film, said second plurality of layers of 
piezoelectric matcaial oriented such that the polarity- 
. machine orientation of said naaterial is 180' firom tot 
of said first pteaHty of layers of material with respect 
to an applied voltage; and 
^lyiug pressure to said layers of piezoelectric material 
to canapEFcss said layers of material, heating said com- 
pressed layers while maintaining said layers of material 
in comjiression and cooling said compressed and 
heated films to bond and anneal said layo-s of matnnaL 
12, A metiod for fabricating a mechanically biased piezo- 
dcctric bcndor-deracait according to dahn 11 wherein said 
press LomartB a radius of curvature to said bender-dement. 

13 A method according to daim 11 wheidn tiie appro- 
priate number of layers axe in said second layers of material 
as in said first layers of material in said press. 

14. A mdhod according to claim 11 wherdn a tab of 
electrode coated material extends from eadi said lay<^ of 
material and is folded to be positioned to be placed in the 
fold above said tab to provide electrical continuity of said 



